Abstract Nickel superoxide dismutase (NiSOD) is unique among the family of superoxide dismutase enzymes in that it coordinates Cys residues (Cys2 and Cys6) to the redox-active metal center and exhibits a hexameric quaternary structure. To assess the role of the Cys residues with respect to the activity of NiSOD, mutations of Cys2 and Cys6 to Ser (C2S-NiSOD, C6S-NiSOD, and C2S/C6S-NiSOD) were carried out. The resulting mutants do not catalyze the disproportionation of superoxide, but retain the hexameric structure found for wild-type NiSOD and bind Ni(II) ions in a 1:1 stoichiometry. X-ray absorption spectroscopic studies of the Cys mutants revealed that the nickel active-site structure for each mutant resembles that of C2S/C6S-NiSOD and demonstrate that mutation of either Cys2 or Cys6 inhibits coordination of the remaining Cys residue. Mutation of one or both Cys residue(s) in NiSOD induces the conversion of the low-spin Ni(II) site in the native enzyme to a high-spin Ni(II) center in the mutants. This result indicates that coordination of both Cys residues is required to generate the native low-spin configurations and maintain catalytic activity. Analysis of the quaternary structure of the Cys mutants by differential scanning calorimetry, mass spectrometry, and size-exclusion chromatography revealed that the Cys ligands, particularly Cys2, are also important for stabilizing the hexameric quaternary structure of the native enzyme.
Introduction
Superoxide dismutases (SODs) are a family of metalloenzymes that protect aerobic organisms from oxidative stress imposed by the superoxide anion radical (O 2 Á-). Specifically, they catalyze the disproportionation of superoxide to molecular oxygen (O 2 ) and hydrogen peroxide (H 2 O 2 ) at rates that are at or are near the diffusion limit. Therefore, SODs are the first line of defense against this harmful anion [1] [2] [3] [4] . During catalysis, the redox-active metal cofactor cycles between oxidized and reduced states that differ by one electron (Eqs. 1-3).
( ) Three classes of SODs exist based on amino acid sequence homology [5] [6] [7] [8] : copper-and zinc-containing SOD (CuZnSOD), iron-containing SOD (FeSOD) and manganese-containing SOD (MnSOD), and nickel-containing SOD (NiSOD). Much like the FeSOD and MnSOD, the more recently discovered NiSOD enzyme catalyzes the disproportionation of O 2 Á-by cycling between M(III) and M(II) oxidation states. Within the SOD family, however, NiSOD is quite unique. For example, nickel is the only metal that does not catalyze O 2 Á-disproportionation in neutral aqueous solution (in the absence of the protein), presumably because it lacks an accessible one-electron redox process [1, 9] . In fact, the Ni(III/II) redox potential for Ni(OH 2 ) 6 2? is estimated to lie at more than 2 V and, thus, is well outside the acceptable range for catalyzing the oxidation and reduction of superoxide [approximately -160 to ?879 mV vs. the normal hydrogen electrode (NHE) at pH 7] [10] . To overcome this deficiency, NiSOD coordinates active-site residues not found in other SODs. The CuZnSOD, Fe-SOD, and MnSOD proteins bind their respective catalytic metal cofactors with only nitrogen/oxygen donors. For FeSOD and MnSOD, the active-site environments include three His residues, one Asp side chain, and a H 2 O/OH -ligand , whereas the copper center in CuZnSOD is ligated by three imidazole ligands, an imidazolate, and a water molecule [11] [12] [13] [14] . Alternatively, in NiSOD, which is an 80-kDa homohexamer containing one nickel cofactor per monomer, the nickel center coordinates cis-cysteinate ligands (Cys2 and Cys6) [15, 16] . In the reduced state, the Ni(II) cofactor adopts a square-planar geometry by also coordinating the N-terminal amine and a deprotonated amide from the Cys2 backbone. In the oxidized state of NiSOD, Ni(III) ion additionally binds the imidazole side chain of His1, which results in a square-pyramidal geometry around the nickel ion (Fig. 1) .
Although NiSOD is the only known SOD to contain sulfur-donor ligands in the active site, cysteinate ligation is a recurring theme in the redox biochemistry of nickel proteins. Currently eight nickel-containing enzymes have been crystallized, five of which contain sulfur donors and feature redox-active nickel sites (NiSOD [15, 16] , acetyl coenzyme A synthase [17, 18] , carbon monoxide dehydrogenase [19] , hydrogenase [20] , and methyl coenzyme M reductase [21] ). The remaining three enzymes (urease [22] , glyoxalase I [23] , and acireductone dehydrogenase [24, 25] ) lack sulfur donors and feature redox-inactive nickel centers. From this observation, it has been proposed that active-site Cys residues are critical for tuning the redox properties of nickel cofactors. Recent density function theory (DFT) calculations on NiSOD active-site models, in both the reduced and the oxidized forms, support this hypothesis [26] [27] [28] .
Regardless of the differences in structure and metal cofactor among the different classes of SODs, similar roles are played by the protein matrices. These roles include adjusting the redox potential of the active-site metal ion into the optimum range (approximately 300 mV vs. NHE) for the oxidation and reduction of superoxide (Eqs. 1-3) [29] [30] [31] [32] , providing the protons necessary for the production of hydrogen peroxide (Eq. 2) [33, 34] , and controlling access of substrate to the active site [32, [35] [36] [37] [38] . Each of Fig. 1 Active site of nickel-containing superoxide dismutase (Ni-SOD; Protein Data Bank ID 1T6U) shown in the His-on, Ni(III)-bound state. The Ni(III) ion is shown as a green sphere, sulfur atoms are shown in yellow, nitrogen atoms in blue, oxygen atoms in red, and carbon atoms in gray these roles may be contingent on the presence of Cys residues at the NiSOD active site. In addition to affecting the NiSOD redox activity, the Cys thiolates have been proposed to function in proton transfer, alone or in concert with other second-sphere residues [27, 28] . The active-site Cys residues are also likely to influence the molecular mechanism of NiSOD catalysis. Metal-thiolate bonds are highly susceptible to sulfur-based modifications by strong oxidants such as superoxide and hydrogen peroxide [39] [40] [41] [42] ; yet, the cysteinate ligands of NiSOD are not oxidized during catalysis. Although outer-sphere binding of substrate would seemingly accommodate the unique active-site environment of NiSOD, inner-sphere binding has also been suggested [15, 16, 27] .
In this study we performed mutations of either or both NiSOD active-site sulfur donors, Cys2 and Cys6, to Ser (C2S-NiSOD, C6S-NiSOD, C2S/C6S-NiSOD) to explore their roles with respect to the catalytic activity of NiSOD, and to specifically assess if a single Cys residue would support the redox activity of the nickel site. In addition to providing further evidence for the prerequisite of thiolate ligation in creating a redox-active metal center in nickel enzymes, these studies indicate that both thiolate donors are required to produce the redox-active nickel site found in NiSOD, and that Cys2 is particularly important for stabilizing the hexameric quaternary structure of the native enzyme.
Materials and methods

Site-directed mutagenesis
The single Cys ? Ser mutants were prepared by polymerase chain reaction (PCR) of wild-type Streptomyces coelicolor NiSOD gene with a mutagenic 5 0 -primer and 3 0 SODNU and the double Cys ? Ser mutant was prepared by PCR of the C6S-NiSOD gene with mutagenic 5 0 -primer and 3 0 SODNU (Table SI-1) . The PCR product was gel-purified (1% agarose) and treated with T4 DNA polymerase to create overhangs complementary to the ligation independent cloning (LIC) vector pET30 Xa/LIC (Novagen TM ). The insert was annealed to the vector and NovaBlue (Novagen TM ) competent cells were transformed with the pET30 Xa/LIC plasmid containing the sodN mutant gene for selection. The plasmid containing mutagenic sodN was isolated using plasmid mini prep kit from QIAGEN and DNA sequencing was performed to confirm the expected base sequence for each mutant (University of Massachusetts at Amherst DNA sequencing facility). BL21 (DE3) pLysS (Novagen TM ) competent cells were transformed with the plasmid containing the desired mutation(s).
Expression, purification, processing, and reconstitution of C2S-NiSOD, C6S-NiSOD, and C2S/C6S-NiSOD proteins
The mutant proteins were expressed and purified as previously reported [43] . Single colonies were grown overnight at 37°C with shaking in 10 mL Luria-Bertani broth, supplemented with chloramphenicol and kanamycin for selection. These cultures were added to 1 L prewarmed fresh medium and grown to an optical density at 600 nm of 0.6 and then induced with 0.8 mM isopropyl b-D-1-thiogalactopyranoside for 3-5 h. Cells were harvested by centrifugation, resuspended in 40 mL nickel nitrilotriacetic acid (Ni-NTA) binding buffer (10 mM imidazole, 50 mM sodium phosphate, 300 mM sodium chloride pH 8.0), and then frozen at -80°C to lyse the cells. The cell harvests were thawed and treated with 100 lL DNase I solution [10 mg/mL DNase I, 10 mM magnesium chloride, 20 mM tris(hydroxymethyl)aminomethane (Tris) pH 7.5, 40% glycerol] at 37°C until the viscosity of the solution was significantly reduced. The cell lysate was centrifuged for 5 min at 8,000 rpm and the supernatant was used for protein purification.
All chromatographic purifications employed an Ä KTAFPLC system (Amersham Biosciences). The cell lysate supernatant was loaded onto a column (Pharmacia HR10) containing Ni-NTA HisBind Superflow TM resin (Novagen TM ) at 3 mL/min with Ni-NTA binding buffer. Once the absorbance at 280 nm had returned to the baseline, the buffer was changed to 33% elution buffer (250 mM imidazole, 50 mM sodium phosphate, 300 mM sodium chloride pH 8.0) in one step, and the column was washed with 7 column volumes of 33% elution buffer. The fusion protein was then eluted from the column using 100% elution buffer. Electrospray ionization mass spectrometry (ESI-MS) was used to confirm the molecular mass of the expected fusion protein (vide infra).
The purified fusion protein was cleaved to yield NiSOD with the wild-type N-terminus by using factor Xa. The fusion protein was buffer-exchanged three times with 20 mM Tris buffer pH 8.5 and then seven times with factor Xa cleavage buffer (5 mM calcium chloride, 50 mM Tris, 100 mM sodium chloride, pH 8.0) in an argon pressure concentrator outfitted with a 10-kDa molecular mass cutoff Millipore ultrafiltration membrane. The concentration of fusion protein in factor Xa cleavage buffer was determined using a bicinchoninic acid assay. The assay was performed using the enhanced test tube protocol outlined in Pierce's BCA TM protein assay kit instruction manual. Factor Xa was then added (1 unit/50 lg fusion protein) and the mixture was incubated at 4°C. The extent of cleavage was monitored using 14% sodium dodecyl sulfate polyacrylamide gel electrophoresis. Processed protein was reduced with a fivefold excess of dithiothreitol and reconstituted with a threefold excess of NiCl 2 in an anaerobic glove box (Coy Laboratory Products).
ESI-MS analysis
To determine the molecular mass of the expression products (N-terminal fusion protein, see Table 1 ), ESI-MS analysis was performed using a Bruker Esquire mass spectrometer on solutions of denatured proteins (final concentration of 10 lM monomer) in a 10 mM aqueous ammonium acetate solution with 3% acetic acid and 50% MeOH ( Table 1 ). To determine the oligomeric state of the proteins, ESI-MS was also performed under nondenaturing conditions using a JMS-700 MStation magnetic-sector (double-focusing) mass spectrometer. The orifice voltage was turned to 0 V and the skimmer voltage was set to 120 V to prevent oligomeric breakdown. Under these conditions, wild-type NiSOD exhibits a spectrum that arises from hexameric holo-NiSOD [35] . Spectra were obtained from solutions of 60 lM NiSOD (monomer) in 10 mM ammonium acetate.
Metal analysis
A PerkinElmer Optima 4300 DV inductively coupled plasma optical emission spectrometer was used to quantify the nickel content of the reconstituted mutant proteins. This instrument is equipped with a 40-MHz free-running generator and a segmented-array charge-coupled-device detector. The sample introduction system consisted of a concentric nebulizer with a cyclonic spray chamber. The concentration of nickel in each sample was determined at 231.604 nm.
Quaternary structure and stability Size-exclusion chromatography was performed using a Superdex 75 15/300 GL (GE Healthcare) column. The column was standardized with albumin (67 kDa), ovalbumin (43 kDa), chymotrypsinogen (25 kDa), and ribonuclease A (13.7 kDa). A standard curve was constructed by plotting V e /V 0 versus the molecular mass(where V e is the elution volume of the peak, and V 0 is the elution volume of blue dextran), and the data were fit with a second-order polynomial. Cys mutants were injected onto the column at a concentration of 480 lM (monomer) in 20 mM Tris, 100 mM NaCl pH 8.0, and the retention volumes of the peak(s) (V e /V 0 ) from each chromatogram were analyzed using the standard curve to determine the molecular weights of the eluted proteins (see Fig. 2 , inset).
Melting temperatures (T m ) were measured with a Microcal variable-pressure differential scanning calorimeter with 0.5-mL sample and reference cells. Samples were concentrated to 100-140 lM monomer in 50 mM Tris buffer. Protein samples and blank 50 mM Tris buffer were degassed under a vacuum for 10 min and syringed into the cells using a pulsing motion to expel air bubbles. Samples were run at 30 psi over 25-100°C at a scan rate of 30°C/ h. Baseline correction and normalization were performed with the Microcal interface to the Origin graphing program, and T m values were taken to be the peak maxima of the thermogram.
X-ray absorption spectroscopy X-ray absorption spectroscopy (XAS) data collection and analysis were performed as previously described [44] . Nickel K-edge XAS data were collected on beamline X9B at the National Synchrotron Light Source (Brookhaven National Laboratory). Samples of frozen protein solutions (1-3 mM, based on nickel content, in 20 mM Tris-HCl, pH 8.0) were placed in polycarbonate holders inserted into aluminum blocks and held near -223°C using a helium displex cryostat. The ring conditions for data collection were 2.8 GeV and 120-300 mA. A sagittally focusing Si(111) double-crystal monochromator and a 13-channel germanium fluorescence detector (Canberra) were used for data collection. X-ray absorption near-edge spectroscopy (XANES) data were collected from ±200 eV relative to the nickel K-edge. The edge energy reported was taken to be the maximum of the firstderivative of the XANES spectrum. Extended X-ray absorption fine structure (EXAFS) data were collected to 9,307 eV (k = 16 Å -1 ). The X-ray energy for the K-edge of nickel was internally calibrated to 8,331.6 eV using transmission data from a nickel foil. The data shown are the average of five to six scans and were analyzed using the EXAFS123 software package [45] for XANES data and the SixPack software package [46] was used for EXAFS analysis. Scattering parameters for SixPack fitting were generated using the FEFF 8 software package [47] . The SixPack fitting software package builds on the ifeffit engine and uses iterative FEFF calculations to fit EXAFS data during model refinement, and is thus an improvement over previous methods that employ a static set of calculated scattering parameters. The coordinates of the fivecoordinate C2S/C6S-NiSOD model obtained from DFT geometry optimizations [48] were used as input files for FEFF 8. Two sets of input files were used, one that included all non-hydrogen atoms from the calculation, and another which eliminated the carbon and nitrogen atoms contributed by the apical imidazole ligand. Comparison of the fits obtained using these two models was used to assess ligation by the side chain of His1. To compare different models to the same data set, ifeffit uses three goodness-of-fit parameters, v 2 (Eq. 4), reduced v 2 , and the R factor (Eq. 5):
where N idp is the number of independent data points, N e 2 is the number of uncertainties to be minimized, Re(f i ) is the real part of the EXAFS fitting function, and Im(f i ) is the imaginary part of the EXAFS fitting function. Reduced
where N varys is the number of refining parameters) and represents the degrees of freedom in the fit.
Ifeffit also calculates the R factor for the fit, which is given by Eq. 5 and is scaled to the magnitude of the data, making it proportional to v 2 . To compare different models (fits), the R factor and reduced v 2 parameters can be evaluated to determine which model provides the best fit, in which case both parameters should be minimized. Although the R factor will always improve with an increasing number of adjustable parameters, reduced v 2 will go through a minimum and then increase, indicating that the model is overfitting the data.
Pulse radiolysis
The pulse radiolysis experiments were carried out using a 2-meV Van de Graaff accelerator at Brookhaven National Laboratory. Superoxide radicals were generated upon pulse radiolysis of an aqueous, air/O 2 -saturated solution containing 10 mM phosphate, 30 mM formate, and 5 lM ethylenediaminetetraacetic acid (Eqs. 6-10): 
Results
Protein characterization
All of the expressed fusion proteins had the molecular masses expected for the amino acid single and double substitutions intended (Table 1) . None showed higher molecular mass components that could be assigned to Soxygenates, even though the single mutations contain only one Cys residue, and cannot form the Cys2-Cys6 disulfide found in wild-type NiSOD fusion protein [43] . Upon reconstitution of proteins processed to remove the N-terminal extension, each of the mutants bound nickel at close to stoichiometric 1:1 ratios (Table 1) . Unlike the native enzyme, which is golden brown in color, all of the Cys ? Ser NiSOD mutants are colored Kelly green. This color change results from the loss of the transition near 380 nm that is assigned to a S ? Ni(III) charge transfer transition in the wild-type enzyme [26] , and the appearance of a new ligand-field transition near 420 nm (the electronic structures of the Cys ? Ser NiSOD mutants are discussed in detail in [48] ). Size-exclusion chromatography showed that the expressed fusion protein, the processed apoenzyme, holo-NiSOD, and all of the reconstituted NiSOD mutants give rise to an elution peak with a retention volume corresponding to the molecular masses appropriate for homohexamers ( Table 2 , Figs. 2, SI-3). For C6S-NiSOD, only one elution peak was observed, similar to that of holo wild-type NiSOD, which exhibits a small peak to the low retention volume side of the main that is due to a small amount of unprocessed fusion protein in the sample. The chromatogram associated with C2S-NiSOD displayed a second peak with a retention volume consistent with a tetramer (apparent molecular mass 49.3 kDa). The chromatogram of C2S/C6S-NiSOD exhibited peaks with retention volumes consistent with a mixture of hexameric, tetrameric, and trimeric proteins, with apparent molecular masses of 77.8, 47.3, and 32.5, kDa, respectively. These data indicate that the Cys ? Ser mutations cause a destabilization of the quaternary structure of NiSOD, particularly for those involving mutation of Cys2. The protein thermal stability was also drastically altered by mutations of Cys2 in the C2S-NiSOD and C2S/C6S-NiSOD mutants, as revealed by the differential scanning calorimetry (DSC) data, melting temperatures (T m ), and stability of the hexamer ( Table 1 ). The DSC thermogram of wild-type NiSOD exhibits an asymmetric curve, suggesting a complex thermal denaturation of the protein (see Fig. SI-2) . The thermogram associated with the C6S-Ni-SOD mutant is similar in general appearance to that of wild-type NiSOD, but reveals a lower overall melting temperature. In the case of C2S-NiSOD, a second melting transition becomes more resolved, and this is fully resolved in the C2S/C6S-NiSOD profile (Fig. 3) . These data suggest that the complex denaturation of NiSOD becomes a twostep unfolding process in C2S-NiSOD and C2S/C6S-NiSOD.
The decreased hexamer stability of the Cys ? Ser mutants is also evident from the ESI-MS data obtained under nondenaturing conditions. Wild-type NiSOD displays an envelope in the 4,000-5,000 m/z region corresponding to the homohexameric quaternary structure, and small envelopes in the range 500-2,000 m/z, suggesting traces of monomer and trimer in the gas phase. The ESI-MS data obtained under the same conditions for the Cys ? Ser mutants display an increased amount of monomer and/or trimer oligomeric states as compared with wild-type NiSOD (Fig. 4) . The spectrum of C6S-NiSOD, whose thermal melting profile most closely resembles that of wild-type NiSOD, contains a major envelope corresponding to hexamer. However, compared with wild-type NiSOD, a more significant monomer envelope is observed. The spectra of the C2S-NiSOD and C2S/C6S-NiSOD mutants contain a significant monomer envelope and very little intensity in the region associated with the hexamer.
Electron paramagnetic resonance
Substitution of Cys with Ser dramatically affects the electronic properties of the nickel center. Electron paramagnetic resonance (EPR) spectroscopy was used to characterize the redox state of the nickel center in the asisolated protein.
Resting (as-isolated) native and recombinant wild-type NiSOD exhibit a rhombic EPR spectrum that arises from a five-coordinate, low-spin (S = 1/2) Ni(III) center, with the unpaired electron residing in the nickel d z 2 -based molecular orbital [35] . None of the Cys mutants exhibited this EPR spectrum; all were EPR-silent (data not shown), indicating that only Ni(II) was present. Variable-temperature magnetic circular dichroism results further indicate that a paramagnetic S = 1 metal center is formed, consistent with the presence of a high-spin Ni(II) ion within the active site of each mutant [48] . X-ray absorption spectroscopy
X-ray absorption near-edge spectroscopy
The XANES region of the nickel K-edge XAS spectrum provides information about the nickel center coordination number and geometry. The spectra obtained for C2S-Ni-SOD, C6S-NiSOD, and C2S/C6S-NiSOD are surprisingly similar and indicate that the nickel sites in all of the Cys mutants have very similar coordination geometries and ligand environments (Fig. 5) . The peak areas associated with the feature involving 1s ? 3d electronic transitions ( Table 3) are consistent with the presence of a five-coordinate nickel center in each case [49] . The presence of a shoulder associated with a feature involving a 1s ? 4p z electronic transition in all three spectra is consistent with a pyramidal geometry for the nickel sites [49] . Compared with wild-type NiSOD, the XANES data for the Cys mutants also feature an increase in the white line region (0-50 DeV) that is indicative of an increase in the ratio of nitrogen/oxygen donors to sulfur donors [49] .
Extended X-ray absorption fine structure
The EXAFS region of the XAS spectrum provides information regarding the metal ligands, including the donoratom types, numbers, and the bond distances. The spectra obtained from samples of C2S-NiSOD, C6S-NiSOD, and C2S/C6S-NiSOD are remarkably similar given that different numbers of potential sulfur-donor ligands are present (Fig. 6) . Analysis of the EXAFS features arising from atoms in the first coordination sphere indicates that the best fits for the Cys mutants are those with exclusively nitrogen/ oxygen donors. The best fit is obtained with five such ligands, consistent with the XANES analysis. The fact that sulfur-donor ligands are absent in all cases indicates that when either of the Cys sulfur donors is mutated to a Ser oxygen donor the active site is perturbed such that the other Cys sulfur donor is no longer a ligand. This proposal is supported by the UV-vis spectra of the Cys ? Ser mutants, which lack the features associated with the CysS ? Ni charge transfer transitions observed in the wild-type NiSOD spectrum, as well as the fact that the corresponding circular dichroism and magnetic circular dichroism data are characteristic of a nickel-binding environment composed of nitrogen/oxygen-donor ligands [48] .
Multiple-scattering analysis that included data from scattering atoms in the second and third coordination spheres of the nickel center supports the presence of one imidazole ligand, consistent with nickel binding to His1. Table 3 and Fig. 6 compare the best fits obtained for Cys mutants of NiSOD with and without paths derived from imidazole binding (second coordination sphere carbon and third coordination sphere nitrogen and carbon atoms). These fits also include the main-chain carbon atoms from His1 and residue 2 (Cys or Ser), which are involved in fivemember chelate rings, and thus held at specific distances that are similar to those involving the second coordination sphere imidazole carbon atoms. The best fits for the mutants were invariably those that included an imidazole ligand.
Kinetics
The rate of superoxide dismutation by Cys ? Ser mutants was determined by monitoring the disappearance of the optical absorbance of pulse radiolytically generated superoxide at 260 nm, in the presence and absence of the NiSODs. The catalytic rate observed for wild-type NiSOD at pH 7.5 is 0.71 9 10 9 M -1 s -1 [35] , as measured by following the first-order disappearance of superoxide that is proportional to the NiSOD concentration. In contrast, in the presence of the Cys mutants, the rate of disappearance of superoxide is no longer first order but is now second order and the half-life of superoxide disappearance is now proportional to superoxide concentration. Compared with the spontaneous rate of superoxide dismutation (approximately 2 9 10 5 M -1 s -1 ) [50, 51] , the Cys mutants show no increase in the rate of disappearance of superoxide (Table 1) , and are therefore not catalysts for superoxide disproportionation. Wild-type NiSOD displays a pH-independent catalytic rate, indicating that the protons required to produce H 2 O 2 are derived from the protein rather than bulk solvent [52] . The disappearance of superoxide in the presence of the Cys mutants displayed a pH-dependant rate (slope of -1), indicating that superoxide disappearance is uncatalyzed, and where the slope of -1 results from the reaction of O 2 -with HO 2 (see Fig. SI-1 ).
Discussion
The mutation of the Cys ligands of NiSOD to Ser residues results in proteins that still bind nickel in a 1:1 stoichiometry, have remarkably similar spectroscopic properties, including the loss of the Ni(III) EPR signal characteristic of the native enzyme, and no longer catalyze the disproportionation of superoxide. This confirms the essential role played by the thiolate ligands in stabilizing Ni(III) and supporting catalysis. In SODs, the protein provides the protons necessary for the oxidative half reaction [33, 34] and provides a means for optimizing the redox potential of the active-site metal ion [29] [30] [31] [32] . The redox adjustments in FeSOD and MnSOD involve subtle changes in the second coordination sphere of the metals. NiSOD is unique among SODs in that it uses a metal that does not catalyze superoxide disproportionation in neutral aqueous solution [1, 9] . Presumably, this is due to the fact that the Ni(III/II) redox Table 3 X-ray absorption near-edge spectroscopy and extended X-ray absorption fine structure analysis Sample Edge energy (eV) 1s ? 3d peak area (910 2 eV) (2) 7 (2) 7 ( Fourier-transformed extended X-ray absorption fine structure spectra (colored lines) and fits (black lines) from Table 3 for C2S-NiSOD (red), C6S-NiSOD (green), and C2S/C6S-NiSOD (blue). Insets: Unfiltered EXAFS spectra and fits. The dashed lines indicate fits generated without an imidazole ligand and the solid lines correspond to fits including one imidazole ligand [10] . Because the NiSOD protein must drastically alter the redox potential of the nickel center to reach the optimum potential near 300 mV, it employs a unique set of ligands that includes two anionic thiolate sulfur donors from Cys2 and Cys6.
Several DFT calculations have been performed on the active site of NiSOD to investigate the mechanistic roles of the Cys residues. These studies indicate that the sulfurdonor residues Cys2 and Cys6 are crucial in tuning the redox properties of the metal cofactor and serve as a possible source of protons for the oxidative half reaction [26] [27] [28] . From calculations on a Ni(II)SOD active-site model [26] , it was proposed that the highly covalent character of the Ni-S Cys bonds derives from r-bonding interactions [26] . The net nonbonding p interactions or filled/filled interactions promote Ni(II)-based oxidation over sulfurbased oxidation and assist in redox tuning of the metal center. In addition, Cys2 and/or Cys6 have been implicated to be intimately involved in protonation steps in the catalytic cycle of NiSOD. Calculations indicate that protonation of the Cys side chains in the reduced state of the enzyme has little effect on the Ni-S bond distances [26] . This prediction is supported by structural studies of model compounds that show only small changes in M-S distances upon protonation and alkylation of model compounds [39] [40] [41] [42] . In one study, investigation of the solvent-accessible face of the equatorial plane in NiSOD suggested the side chain of Cys2 has more electron density than Cys6. This finding implicates the sulfur donor of Cys2 as a protonation site for the oxidative half reaction [27] . However, in another study the hydrogen-bonding network involving Cys6, Tyr9, and a water molecule was suggested to be the source of protons, indicating that the protonation of Cys6 leads to a thermodynamically favorable proton transfer in the formation of hydrogen peroxide in NiSOD [28] . The theoretical predictions that the Cys ligands can be protonated in the reduced enzyme are supported by sulfur K-edge XAS studies on enzyme reduced with hydrogen peroxide. Specifically, the XAS spectrum of this species lack the features associated with thiolate ligation and instead exhibits evidence of thiol coordination [54] .
The Cys ? Ser single mutations studied herein were designed to investigate if one sulfur donor would be sufficient to produce a redox-active nickel site and, if so, to examine changes in the pH dependence of the catalytic activity, and to determine which Cys residue provided the greater redox adjustment. The XAS data indicate that the two single-Cys mutant proteins contain five-coordinate pyramidal nickel sites that lack any sulfur-donor ligand, regardless of which Cys is mutated. In fact, the two singleCys mutants have nickel-site structures that are essentially identical to that inferred for the double-Cys mutant that lacks both sulfur-donor ligands. The best fits obtained involve two to three shells of nitrogen/oxygen scattering atoms in the first coordination sphere (Table 3) , including a short, 1.8-Å Ni-N/O distance that is associated with the amidate ligand in wild-type NiSOD [35] . The fact that DFToptimized models that include the amidate ligand reproduce the spectra of the mutants quite well is also consistent with the presence of the amidate ligand. Amidate ligation is not ruled out by the high-spin configuration, as examples of high-spin Ni(II) amidate complexes have been characterized, e.g., tris[(N-tert-butylcarbamoyl)methyl]aminato nickel(II) [55] . The features observed from scattering by the atoms in the second and third coordination spheres are consistent with the presence of an imidazole ligand from a His residue. With the wild-type -crystal structures as a guide [15, 16] , the structure that emerges from EXAFS and XANES analysis is consistent with retention of the N-terminal His1 amine and the amidate of residue 2 in the basal plane, and with the three longer Ni-N/O distances derived from a combination of the side chains of His1, Ser2 (or Ser6), and solvent.
Six-coordinate Ni(II) complexes are invariably high spin, and five-coordinate complexes exhibit roughly a 50:50 distribution of high-and low-spin electronic configurations [56] . Magnetic circular dichroism data show that all of the Cys mutants contain high-spin Ni(II) centers [48] . It was unanticipated that loss of either sulfur-donor ligand would lead to the loss of the second. This change in ligation apparently arises because of a spin-state change in the Ni(II) site. Loss of the remaining thiolate upon conversion to a high-spin complex is consistent with nickel coordination chemistry. Few examples of high-spin Ni(II) thiolates have been characterized [56] . Examples include the tetrahedral Ni(S-Ar) 4 2-anions (average Ni-S bond distance 2.28 Å ) [57] , five-coordinate trigonal bipyramidal (Ni-S bond distance 2.26-2.36 Å ) [40, 58, 59] , and a few six-coordinate complexes that utilize chelation thiolate ligands and feature very long Ni-S distances (Ni-S bond distance 2.46-2.54 Å ) [60] compared with those that are typical of low-spin complexes such as wild-type NiSOD (öess than 2.2 Å ) [35] . High-spin Ni(II) monothiolate complexes are exceedingly rare, the only structurally characterized examples being the nickel complex of RcnR, a nickel-responsive transcriptional regulator that features a Ni-S distance of 2.54 Å , and Ni(tren)(1,3-dtsq)(H 2 O) and Ni(tren)(1,3-dtsq)(ClO 4 ) [where tren is tris(2-aminoethyl)amine and 1,3-dtsq is 1,3-dithiosquarate], which feature Ni-S distances of 2.42 and 2.46 Å , respectively [61, 62] . The ''all or none'' requirement for the sulfur donors in NiSOD therefore indicates that both sulfur donors are required to support the native low-spin Ni(II) electronic configuration and that loss of either sulfur donor leads to conversion to a high-spin Ni(II) center and loss of the remaining sulfur-donor ligand.
In addition to altering the redox activity of the nickel site and stabilizing the low-spin electronic structure, the Cys ligands also play important protein structural roles. The DSC thermograms of the Cys ? Ser mutants are significantly different from that of wild-type NiSOD (Fig.  SI-2) . For wild-type NiSOD, an asymmetric peak with a maximum at 84.8°C and a broad shoulder centered at approximately 65°C is observed. This behavior hints at a complex unfolding process consistent with a slow progression in the oligomeric state from hexamer to monomer and subsequent unfolding of the monomeric protein. The thermogram of C6S-NiSOD is similar in shape to that of wild-type NiSOD, but the maximum is downshifted by more than 15°C, indicating that the mutant protein is thermally less stable. The DSC thermogram of C2S-Ni-SOD begins to show evidence of a two-state unfolding mechanism, which becomes clearly resolved in the C2S/ C6S-NiSOD data. The thermogram of the double Cys ? Ser mutant exhibits two maxima, at 53.5 and 81.3°C. The latter maximum is close to the maximum observed for wild-type NiSOD. A likely interpretation of this behavior is that the lower temperature processes correspond to the loss of the hexameric quaternary structure characteristic of NiSOD and that the second process involves unfolding of monomeric subunits. The resolution of the two-step process and retention of a maximum above 80°C suggests that mutation of Cys2 destabilizes the hexamer, but without dramatically affecting the stability of the monomer.
Data from size-exclusion chromatography and ESI-MS provide additional support for the two-step unfolding mechanism. The size-exclusion chromatogram for C6S-NiSOD shows that hexameric protein is the only species present, whereas for C2S-NiSOD the presence of both hexamers and trimers/tetramers is indicated by two welldefined peaks (Fig. 2) . When both Cys residues are mutated, a mixture of monomeric, dimeric, trimeric/tetrameric, and hexameric proteins is observed. ESI-MS of wild-type NiSOD displays an envelope in the 4,000-5,000 m/z region corresponding to the homohexameric quaternary structure, and small envelopes in the range 500-2,000 m/z, suggesting traces of monomer and trimer in the gas phase. The ESI-MS data obtained under the same conditions for the Cys mutants display an increased amount of monomeric and/or trimeric oligomeric states compared with wild-type NiSOD (Fig. 4) . The spectrum of C6S-NiSOD, which has a DSC profile that most closely resembles that of wild-type NiSOD, contains a prominent envelope corresponding to hexamer. However, compared with wild-type NiSOD, a more significant envelope for monomeric protein is also observed. The spectra obtained for C2S-NiSOD and C2S/ C6S-NiSOD contain a significant monomer envelope and very little intensity corresponding to the hexamer, consistent with a much less stable hexameric quaternary structure.
Collectively, these data suggest that Cys2 and Cys6 play an important role in stabilizing the hexameric quaternary structure of the native enzyme. In wild-type NiSOD, the Cys2 ligand and a hydrogen-bonding network involving the Cys6 amide, two water molecules, and the Asp3 amide appear to be important for positioning the Asp3 side chain, which is involved in several intersubunit protein contacts (Fig. 7) . Alteration of the Asp3 side chain (e.g., a D3A mutation) is known to affect interactions between neighboring Asp3 and Lys89, and along a series of hydrogen bonds and salt bridges that exist in the subunit interface [35] .
The apparent effect of metal ligand substitution on the stability of the quaternary structure of the enzyme is unusual, although a similar effect leading to a two-step denaturation and oligomeric destabilization has been documented for the family II pyrophosphatase from Bacillus subtilis [63] . In the absence of metal ions, the thermogram of B. subtilis pyrophosphatase indicates a high degree of cooperativity. This was suggested by a sigmoidal transition in the temperature-induced unfolding measured by circular dichroism. Mutations D13E (binding site 1) and D149E (binding site 2) resulted in two distinct melting temperatures, indicating a two-state unfolding mechanism [63] .
In summary, the studies of Cys ? Ser mutants of Ni-SOD reveal the essential role of both Cys ligands in the Fig. 7 Interactions between two subunits in hexameric NiSOD related by twofold symmetry. Subunit a (orange) and subunit b (magenta). (Protein Data Bank ID 1T6U). Nickel ions are shown as green spheres, water molecules as red spheres creation of the redox-active nickel center via the suppression of the Ni(III/II) redox couple and the stabilization of the low-spin electronic configuration, and also demonstrate that the nickel-hook domain is intimately involved in the stabilization of the hexameric holoenzyme.
